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ABSTRACT 
Organic contamination on spaceflight hardware is an ongoing concern for spaceflight 
safety.  In addition, for the goal of analyzing for possible evidence of extra-terrestrial life, it is 
necessary to consider the presence of terrestrial contamination.  This paper will introduce and 
evaluate a new method using a direct analysis real time (DART™) ionization source paired with 
a high resolution time of flight mass spectrometer (TOFMS) for the determination of organic 
contamination involved in spaceflight hardware and ground support materials.   This novel 
analytical technique has significant advantages over current methodologies.  Materials analyzed 
in this study were historically considered as probable contaminants in spaceflight related 
substrates.  A user determined library was generated due to the non-traditional mass spectra 
generated by the DART™. 
Continual improvement of analytical methods for the detection of trace levels of 
contaminants in potential drinking water sources is of extreme importance to both regulatory 
communities and concerned citizens.  This paper will evaluate a novel analytical method using 
stir bar sorbtive (SBSE) extraction techniques combined with analysis with a DART™TOFMS.  
Compounds of interest will include several representative pharmaceutical contaminants of 
emerging concern listed in EPA method 1694.  Optimal SBSE and DART™ experimental 
parameters will be investigated along with accuracy, precision, limits of detection and calibration 
linearity. 
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CHAPTER ONE: INTRODUCTION 
 
Analysis of contamination on flight hardware is a significant issue for the safety and 
effectiveness of both manned and unmanned flight hardware.  Contamination issues have caused 
serious impacts to past flights of the Shuttle in regards to safety and productivity. Additionally 
the presence of organic contamination can impact the ability to reliably determine presence of 
possible emergence and duration of life on extra terrestrial bodies.  For example, if terrestrial 
organic reside is found in samples of extra-terrestrial samples, false conclusions could be drawn.  
Contamination may also cause electrical and mechanical failures of transducers and other 
spaceflight hardware components[1].  The need for reliable and sensitive analytical methods is 
paramount.   
The current methodologies have various limitations which will be discussed.  This paper 
will introduce and evaluate a new method using a DART™-TOFMS for the determination of 
organic contamination involved in spaceflight hardware and ground support materials.  The 
background on the direct analysis real time (DART™) combined with a high resolution time of 
flight mass spectrometer (TOFMS) will be described as well as its advantages and limitations in 
the analyses of contamination of spaceflight hardware.  Over 120 materials analyzed in this study 
were historically considered as probable contaminants in spaceflight related substrates.  This list 
of materials includes complex polymeric mixtures, petroleum mixtures, pure substances, and 
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others.  Due to the non-traditional mass spectra generated by the DART™, a user-determined 
library was generated.  This library and it’s applications will be discussed. 
Pharmaceutical contaminants in water have been added the EPA list of compounds of 
Emerging Concern.  The contaminants enter water streams from improper disposal techniques.  
Most commonly hospitals, nursing homes and citizens have been flushing unwanted or expired 
medications sending the contaminants to waste water streams and septic tanks.  These systems 
were not designed to remove these contaminants.  Continual improvement of analytical methods 
for the detection of trace levels of contaminants in potential drinking water sources is of extreme 
importance to both regulatory communities and concerned citizens.  Current EPA methodologies 
for the analysis of contaminants of emerging concern utilize an extraction step, a cleanup 
procedure, followed by analysis by HPLC/MS/MS and by HRGC/HR/MS.  The instrumental 
procedures require analytical runtimes of approximately 25 and 45 minutes respectively (1694 
and 1699). 
This paper introduces and evaluates a novel analytical method using stir bar sorptive 
extraction (SBSE) techniques combined with analysis with a DART™ ion source paired with a 
TOFMS.  The proposed method combines the SBSE extraction method with the real real-time 
high high-resolution data produced by the DART™ TOFMS.  The method developmental 
parameters will be discussed in detail.  The analytical results of samples, brought through the 
entire analytical process, will be compared to the current EPA method guidelines in regards to 
accuracy, precision, limits of detection, and linearity.  In addition practical aspects such as 
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sample volumes required, timeliness, and costs associated of this new method will be discussed 
and compared to current methodologies. 
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CHAPTER TWO: LITERATURE REVIEW 
Organic Contamination at NASA 
Sources of Organic Contamination 
 
Contamination of organic materials in spaceflight hardware comes from several avenues.  
Potential sources include artifacts of materials used in the assembly and fabrication of the 
spaceflight hardware and-products of outgassing of materials.  Outgassing is a leaching process 
in which materials volatilize from within the materials.  These materials are often re-deposited 
on surfaces.  In reduced pressure and/or high temperatures environments, outgassing of materials 
can increase.  Because of the high sensitivity of spaceflight hardware to contamination, it is 
necessary to minimize this outgassing phenomenon by vacuum treating materials used in space 
flight.  One of the most common groups of contaminants is complex mixtures of aliphatic 
alkanes that are both straight and branched.  In addition to outgassing, these contaminants can 
come from lubricants such as pump oils.  Although contamination that occurs on the ground can 
be removed with freons and other solvents such as alcohols and acetone, residues sometime 
remain.  Silicones which are often found in adhesives, lubricants and other materials can outgas 
and deposit layers of contamination throughout the hardware in very low levels even down to 
molecular levels.  These silicone materials are also of a wide range of molecular weights and are 
difficult to remove from the surfaces using solvents [2]. 
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Phthalate esters are another common organic contaminant.  In particular bis 2-ethylhexyl 
phthalate, a common plasticizer used in the formations of polymers, is often found after vacuum 
processing.  Another polymer related contaminant is epoxy which is a complex formulation 
which can also be a source of contaminantation.  Epoxies consist of two chemicals that require a 
curing process.  If curing is not complete the unused components outgas unleashing a variety of 
materials from which they are fabricated.  Both the phthalate esters and epoxy outgas products 
can be removed with a variety of solvents, however residues continue to be a source of concern 
[1]. 
Human handling of spacecraft and components are an additional source or organic 
contamination.  Fingerprint residue consists of high molecular weight alkyl esters of fatty acids 
and free fatty acids.  They also contain small amounts of protein, urea and sodium chloride.  
Human contact can also add dead skin, hair, spores, pollen, and cosmetic related compounds.  
Other inadvertent additions of contaminants can include fibers from clothing and cleaning wipes.  
Materials commonly found are cotton polyester, cellulose, nylon, and various other fibers.  Dust 
containing small particulate of soil, fibers, spores, and other materials are also possible 
contaminants [1]. 
Examples of Shuttle Organic Contamination at KSC 
 
Recently the Engine Cut off Sensor (ECO) system on the external tanks of STS-114, STS-121, 
STS-115 and STS 122 were falsely indicating a dry or empty tank after fueling [3].  These false 
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indications resulted in costly launch delays.  Although the problem was determined to be due to 
faulty electrical feed through, the presence of Krytox™  240 AC in unwanted locations  played a 
significant role in the failure of the sensors.  The presence of the Krytox™   240 in the feed 
through line seemed to insulate the gold leads preventing electrical conduction.  Krytox™   240 
AC is a fluorinated lubricant often used in flight hardware systems.  Identification of the 
contamination and development of analytical methods and sampling procedures were the main 
focus of the NASA Chemistry laboratory in December 2007 through February 2008 [1]. 
Current Analytical Methodologies for Organic Contamination 
 
Currently, the NASA Kennedy Space Center (KSC) Chemical laboratory uses several 
instruments to analyze for organic contamination.  The gas chromatograph mass spectrometer 
(GC/MS) and the Fourier transform infrared spectrometer (FTIR) are the most commonly used.  
Each of these systems has unique applications and limitations.  Prior to the addition of the 
DART™ TOFMS, systems at KSC did not allow real time analysis and did not allow the 
analysis of gases, solids, or liquids without preparation.  These systems will be discussed as a 
source of comparison for the DART™ TOFMS. 
The GC/MS systems at the NASA KSC chemistry laboratory include a Thermo Polaris Q 
ion-trap mass spectrometer and a Thermo DSQII quadrupole mass spectrometer.  Each of these 
systems can be used for analyzing volatile and semi-volatile contaminants.  These systems are 
excellent for analyzing contamination that contains a mixture of components.  The GC portion of 
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the instrument separates compounds by using a capillary column that is temperature programmed 
to elute compounds based on a combination of boiling point and polarity attributes.  This system 
is excellent for identifying and determining the concentration of organic contaminants in the 
volatile and semi-volatile range.  Detection of the separated analytes is performed by a low 
resolution quadrupole or ion trap mass spectrometer.  The analytes exit the GC column and are 
bombarded by electrons via a filament or by positive ion such as an ammonium ion (NH4+) 
operating in chemical ionization mode.  After being struck by an electron or ion the analyte is 
ionized.  The ionized element may retain its structure or fragment into smaller charged and 
neutral species.  The ions are pulled through the mass filter by mass-to charge (m/z) and 
eventually hit a detector at which point they are measured.  Detection limits are in the parts per 
billion ranges.  The GC/MS  system with a temperature programmable inlet is limited to 
analyzing compounds that are volatile or semivolatile,  non-thermally labile, and have ionization 
potentials of less than 19.8 eV [4]. 
At the KSC Materials Science Laboratory, the GC/MS system with an ion trap mass 
spectrometer is equipped with a pyrolysis probe that enables the instrument to analyze some non-
volatile contaminants such as polymers.  One disadvantage of this system is that high 
concentrations of components can undergo secondary ion collisions producing spectra that are 
complex and cannot be compared easily to National Institute of Standards and Technology 
(NIST) libraries [4]. 
The GC/MS system equipped with a quadrupole mass spectrometer has a solid insertion 
probe which allows the user to place small amounts of materials directly to the ion source.  The 
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direct insertion probe also allows the system to analyze some nonvolatile and thermally labile 
compounds [4].  The drawback of the insertion probe is that it can contaminate the system and 
the GC is bypassed which limits the usefulness of direct insertion to non-complex mixtures.  To 
analyze very volatile components, the GC/MS quadrupole system also has a headspace 
autosampler installed.  This system allows for the volatile components of a sample to be 
analyzed.  If only volatile components are of interest in a nonvolatile matrix, this system can 
separate and concentrate the volatile compounds.  The concentration step allows the instrument 
to detect very low levels of volatile components in a sample. 
The Materials Science Laboratory at KSC has two FTIR systems each equipped with a 
microscope.  The microscope enables the systems to analyze samples by reflectance and by 
transmission.  The microscope also allows analysis of a very small section of a sample and can 
distinguish between compounds in a very small area.  The FTIR works well for determining the 
classification of organic compounds that are not volatile such as polymers.  The FTIR systems 
cannot separate mixtures making sample sthat have several contaminants present difficult to 
identify.  The FTIR also has a very limited ability to determine concentration or amount of 
contamination.  The detection levels for the FTIR are several orders of magnitude higher than 
that of the GC/MS systems [5].  
At the Jet Propulsion Laboratory (JPL), the organic contamination group has used the 
DART™ TOFMS to determine relative off-gassing properties of candidate materials for 
spaceflight.  In these experiments candidate are placed in the metastable stream of the DART™ 
and the total ion counts are measured.  The higher the number of ions means the higher the 
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probability that materials will off-gas. Preliminary experiments have shown this system to be 
comparable to actual off-gassing methods that are very time consuming [6]. 
DART™ TOFMS 
Description of the DART™ 
 
The DART™ system at KSC used in the following experiments is equipped with a high 
resolution time of flight mass spectrometer (TOFMS).  The DART™ portion, developed in 2005 
by JEOL® USA, Inc., allows samples to be ionized and analyzed at ambient pressure in real 
time.  As demonstrated in Figure 1, the unknown sample is simply placed in a gas stream of 
excited metastable (M*) atoms in open air, the sample surface is ionized, and the ions are 
analyzed directly by a high resolution TOFMS. 
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Figure 1:  Picture of a Sample Being Placed in the DART™ Source[7]  
 
The DART™ ion source is an open air atmospheric pressure ionization source (API).  
Although other APIs exists, they have significant disadvantages.  Unlike the DART™, the user 
cannot place the sample in open air without exposure to radiation or solvents.  The lack of 
exposure or dangerous radiation or heated solvents, allows for rapid sample analysis with no 
preparation.  Coupling the DART™ to the TOFMS provides the capability of  very accurate 
elemental composition determination with high resolution mass measurements [8]. 
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Design and Theory of the DART™ 
 
The generation of the metastable species in the source is a fairly simple process.  As 
illustrated in the schematic in Figure 2, a gas such as helium is heated and flows by a glow 
discharge needle at about 3500 V where the gas is excited and produces electrons, ions and 
metastables helium atoms..   
 
 
Figure 2:  Schematic of the DART™ Source Developed by JEOL® [9] 
 
Metastables species are excited species that have no associated charge.  In the case of helium an 
electronically excited atom, He(2
3
S), is formed[9].  Any unwanted ions that are formed are 
removed by a grounded electrode that is placed in the path of the gas stream.   
Once the metastable gases exit the DART™, they are exposed to atmospheric gases and 
form reactive ions.  The sample components that are present in the gas stream are desorbed or 
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ablated and ionized.  The desorption process is not very well understood because of how recently 
the concept was developed.  Although the stream of helium metastable ions does thermally 
desorb surface materials, non-volatile organic compounds and inorganic compounds having very 
little vapor pressure are effectively desorbed and ionized.  One explanation, of this process, is 
that the energy from the metastable species transfer facilitates desorption and ionization 
simultaneously. The ionization processes that occur via several mechanisms depending on the 
gas used and the polarity chosen[10]. 
When using helium in the negative ion mode, the ionization occurs via Penning 
ionization.  As in Equation 1, He(2
3
S) represents the metastable helium atoms that exit out of the  
DART™ end cap.  Electrons (e-) are formed when the excited helium atom hits a surface and 
transfers it energy as follow: 
 
He(2
3
S) + surface  He + surface + e- 
e
-
 + O2  O2 
e
-
 + O2  O2
-
 
O2
- 
+ M  [M]- 
Equation 1: The reaction of the excited helium metastable with a surface[8] 
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These electrons are captured by atmospheric oxygen.  The O2
-
 produced reacts with the analytes 
surface to produce negative ions.  “M” represents the molecular mass of the analyte.  Common 
spectra produced in the negative ion mode indicate large presence of [M]
-
 and [M-H]
- 
[10]. 
 
In the positive ion mode, when helium is used as the reaction gas, the following 
mechanism is followed as displayed in Equation 2. 
 
He(2
3
S) + H2O  H2O
++
 + He(1
1
S) + e
-
 
H2O
++
 + H2O  H3O
+
 + OH
-
  
H3O
+
 + nH2O)  [(H2O)nH]
+
 
[(H2O)nH]
+
 + M  [M+H]+ + nH2O 
Equation 2:  Positive ion mode reaction sequence[8] 
 
In the positive ion mode, M
+
 and or [M+H]
+ 
products are prevalent. For most analytes, spectral 
peaks of [2M+H]
+
, [M+H-H2O]
+
 and derivatized polyols are generated when alcohols are 
analyzed in the positive ion mode [8]. 
In addition to the ions mentioned above, fragmentation occurs for some compounds.  The 
amount of fragmentation is dependent upon several factors including the TOFMS orifice voltage, 
gas selection and temperature[10].  DART™ fragmentation is significantly different than 
electron ionization fragmentation thus the comparison of such spectra to conventional NIST 
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libraries is useless.  Spectra can be further complicated by when mixtures of compounds are 
analyzed.  As well as having the additional peaks of the mixture components, in some cases the 
fragments combine to produce very complex spectra. 
Once the ions are generated, they flow into the interface of the TOFMS.  The TOFMS 
uses a quadrupole ion guide to move the ions towards the center axis on route to the single stage 
reflectron and eventually to the detector.  Neutral species which are unaffected by the quadrupole 
field are left behind and removed via the vacuum pumps.  The guide has a high focusing power 
and is able to achieved high resolution and sensitivity.  The detector consists of  a micro channel 
plate (MCP) and an anode.  The system utilizes a continuously averaging analog digital 
converter that has a linear dynamic range of greater than 4 orders of magnitude while 
maintaining a high degree of sensitivity [9].  The DART™ TOFMS combination is able to 
achieve limits of detection of 10 ng in studies that were focused on forensic applications [10]. 
Choosing the appropriate ion mode, gas flow and orifice temperature are crucial in 
obtaining the most sensitivity as well as generating spectra that are straightforward.  Most 
compounds generate good spectra in the positive ion mode however compounds with halogen 
moieties or electronegative centers respond well in the negative ion mode.  Other parameters that 
affect the sensitivity and accuracy of the system are sample placement in the metastable jet 
stream [11-13]. 
Since the introduction of the DART™ system by JEOLUSA, Inc., Ionsense Inc., a 
spinoff company of JEOL® has developed several accessories that enhance the systems 
precision and limits of detection.  One of these accessories is a gas ion separator named Vapur™.  
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In an effort to maximize sensitivity, the KSC MSL purchased this accessory from Ionsense.  The 
Vapur™ system was designed specifically for the DART™ system to concentrate the maximum 
amount of ions and focus them into to the inlet of the TOFMS.  This was achieved by placing a 
low capacity vacuum pump to draw more of the ions towards the inlet.  The Vapur™ system also 
eliminates excess atmospheric oxygen that may interact with ions generated therefore decreasing 
the overall amount of ions entering the inlet to the TOFMS [7].  Figure3 displays a schematic of 
the Vapur™ system installed on the DART™. 
 
 
Figure 3:  Vapur Interface Developed by Ionsense [7] 
 
An additional accessory developed by Ionsense is the chemical ionization (CI) block as 
displayed in Figure 4. 
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Figure 4:  CI Block Designed by Ionsense to Aid in Chemical Ionization [14] 
 
Although this block was originally designed to help facilitate chemical ionization, researchers at 
Ionsense noted that it was also helpful for increasing the sensitivity.  It works by enclosing the 
sample forcing all the generated ions towards the TOFMS inlet.  Without this block some of the 
ions generated are displaced by the gas stream into the atmosphere. 
Data Interpretation 
 
As mentioned above, the fragmentation patterns produced by the DART™’s gentle 
ionization forms molecular ions and ions with hydrogen attached as well as various other 
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combinations depending on the properties of the analyte.  Doing library search comparison of 
DART™ spectra to NIST spectra is not a viable means of composition determination.  However, 
since the TOFMS has a resolution of 0.001 m/z, exact mass comparison can be employed.  Once 
the spectra is obtained, the determined exact mass can be compared to molecular compositions 
with the same atomic weight down to +/- 0.003 amu according to the manufacturer [15]  If 
several compound compositions are found within that mass range, isotope comparison can be 
employed to aid in the identification [16].  Software programs exist that will compare the newly 
acquired spectra with isotope ratios of compounds with the given mass spectral ion peak’s 
associated m/z.  Examples of types of ions formed can be seen in Table 1. 
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Table 1:  Predominant Mass Spectral Peaks Produced by DART™ 
Compound Class 
 
Positive Ion Mode 
 
Negative Ion Mode 
 
Alcohols [M+H]+ [2M+H]+ [M+H-H2O]+ derivatized polyols 
Alkanes M+. [M-H]+ Alkyl fragments 
Oxidation from NO+ Alkenes Usually MH+ 
Some fragments Amines Bases 
[M+H]+ Amino acids MH+ 
some fragments Aromatics M+. [M-H]+ 
May see [M-H]+ for some alkyl 
aromatics 
Carbonyls [M+H]+ 
[M+NH4]+ Carboxylic acids [M+H-H2O]+ 
If ammonium present: [M+H]+, [M+NH4]+ [M-H]- 
Carbohydrates MH+ and dehydration 
fragments for mono, di- 
Derivatize for larger cds. 
Explosives (RDX, HMX, NG, EGDN, 
PETN, Tetryl) 
[M+Cl]- 
[M+CH3CO2]- [M+NO3]- Halogenated (e.g. Cl) alkanes 
Cl- Cl2- [M-Cl]- etc. 
Nitroaromatics M-. [M-H]- 
Peptides [M+H]+ fragments 
[M-H]- fragments Peroxides 
[M+NH4]+ Proteins Not detected, may see amino acids 
Salts Cation+ Anion 
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To determine the molecular formula of an ion in a spectrum using exact masses two 
discrete steps are involved.  First determine chemical formula candidates of a given exact mass 
within a range of mmu using a program that determines all potential chemical compositions 
using exact mass data within a specified range for specified elements.  Once the prospective 
chemical formulas are obtained, using isotopic simulator programs, the unknown spectrum is 
compared to that of a theoretically derived isotopic spectra to determine the best match [16, 17].  
The more one knows about the sample, the easier this is.  For example while analyzing a nylon 
sample, one would only search for compositions with carbon, oxygen, nitrogen and hydrogen. 
A significant portion of the analytes included in this research is polymers, plastics resins, 
sealers and adhesives.  Mass spectral analysis of polymers is complex.  A polymer is a 
macromolecule including five or less units called monomers.  These monomers are repeated 
continuously forming very long chains [18, 19].  Many of the polymers listed in the table of 
candidate analytes have average molecular weights above 10,000 amu.  When these compounds 
are placed in the metastable stream, the ions that are formed are fragments of the parent ion.  
Often these fragments are related to each other in multiples of the monomer unit.  Hence, 
determination of the parent polymer is not based purely on a [M+H]
+
 or an [M-H]
- 
peak.  
However, very specific fragment’s m/z can be used to identify the parent molecule.  To add to 
this complexity, resins, plastics, sealants and adhesives may contain a mixture of components.  
For practical aspects, libraries were be generated with both individual components as well as 
proprietary mixtures associated with specific materials used in spaceflight.  . 
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Applications using a DART™ TOFMS for some materials that are used on spaceflight 
have already been researched by JEOL.  The rapid analysis of glues, cements and resins was 
achieved by raising the gas heater to 450-550
○
 C to induce pyrolysis.  These compounds were 
analyzed in the positive ionization mode and were identified and confirmed with exact mass 
measurements [13].  Brief experiments using polymers have also been performed by JEOL.  
Similarly, the gas stream was raised to 450-550
○
 C for the analysis of Nylons, polypropylene, 
polyethylenes, polyesters and others.  Fingerprint spectra were produced and the formulation 
components were confirmed by exact mass measurements [14].  JEOL has also published 
experiments for the identification of human fingerprint residue.  These methods used a much 
lower gas stream temperature [15].  The analysis of fingerprints is useful in spaceflight hardware 
for two reasons.  The presence of finger prints can determine if a certified clean part has been 
compromised or it can be used in data interpretation.  The presence of the fingerprint oils may 
need to be discarded if analysis is being performed on an unknown material that has been 
touched.  Without this information, fingerprint oils may be considered part of the sample of 
concern and not an artifact or contamination. 
Low level Contaminant Analysis of Emerging Contaminants 
Current EPA Methods of Analysis of Emerging Contaminants 
 
Continual improvement of analytical methods for the detection of trace levels of 
contaminants in potential drinking water sources is of extreme importance to both regulatory 
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communities and concerned citizens.  Current EPA methodologies for the analysis of 
contaminants of emerging concern utilize an extraction step, a cleanup procedure, followed by 
analysis by HPLC/MS/MS and by HRGC/HR/MS.  The instrumental procedures require 
analytical runtimes of approximately 25 and 45 minutes respectively (1694 and 1699). 
Extraction of Contaminants from Water   
 
To improve sensitivity and minimize the use of environmentally unfriendly solvents, the 
use of sorbtive extraction methods has been applied.  This technique, named solid phase 
extraction (SPE) requires a aqueous samples to be filtered through cartridges or disks containing 
materials that can absorb the analytes.  The analytes are then eluted from the disk or cartridges 
with a solvent.  The eluent solvent is concentrated or analyzed directly by gas 
chromatography[20]. 
A miniaturized form of SPE, solid-phase micro-extraction (SPME), uses a fiber coated 
with sorbtive media instead of a disk or cartridge.  The fiber is inserted into the sample and relies 
on equilibrium extraction and also requires the sample to be stirred rapidly to increase the 
probability of the analyte coming into contact with the extraction fiber.  After extraction the 
reusable fibers are placed directly in the heated injection port of a GC where the analytes are 
thermally desorbed  and flow through the chromatographic column for separation [20]. 
The most recent EPA Methods 1694 and 1699 for the analysis of contaminants of 
emerging concern utilize a variety of techniques for the extraction of contaminants from natural 
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media including water, soil and sludge.  The preferred techniques for waters containing less than 
one percent solids is solid phase extraction [21, 22]. In 1999, stir bar sorptive extraction (SBSE), 
a novel extraction technique, was introduced.  This technique is based on using a magnetic stir 
bar that is coated with a bed of polydimethylsiloxane (PDMS).  PDMS, as an extraction medium 
was not new.  SPME fibers are coated with the same compound; however the bed on the stir bar 
is 300 µl versus 0.5 µl of PDMS on a SPME fiber.  With this 600-fold increase in sorbtive 
material, came a huge increase in capacity which translated to lower analytical limits of detection 
[20].   
Multiple methods using SBSE to extract low levels of pesticides in water and 
pharmaceutical contaminants have been developed for analysis on GC/MS and HPLC/MS.  
These extraction techniques generally include adding the stir bar along with internal standards in 
a vial.  The sample is stirred for a period of time.  The stir bar is removed, dried and placed in a 
specifically designed thermal desorption unit which acts as the injection port to the GC.  When 
using HPLC, the sample must be eluted with a solvent from the stir bar.  These methods have 
analysis times in the range of one half to one hour based on the analytes chosen and the 
chromatographic parameters [20, 23-27]. 
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CHAPTER THREE: DEVELOPMENT OF A NOVEL ANALYTICAL 
METHOD OF SURFACE ORGANIC CONTAMINATION USING DART™ 
TOFMS  
Introduction 
 
Organic contamination on spaceflight hardware is an ongoing concern for spaceflight 
safety.  In addition, for the goal of analyzing for possible evidence of extra-terrestrial life, it is 
necessary to consider the presence of terrestrial contamination.  Contamination may also cause 
electrical and mechanical failures of transducers and other spaceflight hardware components[1].  
This paper will introduce and evaluate a new method using a DART™-TOFMS for the 
determination of organic contamination involved in spaceflight hardware and ground support 
materials.  Over 120 materials analyzed in this study were historically considered as probable 
contaminants in spaceflight related substrates.  This list of materials includes complex polymeric 
mixtures, petroleum mixtures, pure substances, and others.  Due to the non-traditional mass 
spectra generated by the DART™, a user-determined library was generated.  This library and it’s 
applications will be discussed. 
Safety and Environmental Concerns 
 
Some of the standards used in this experiment have toxic properties associated that have 
not been fully defined.  The Material Safety Data Sheets (MSDS) of each standard was read and 
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a copy stored near the container for references.  Based on the personal protective equipment 
(PPE) recommendations in the MSDSs the following safety precautions were observed.  While 
handling standards, gloves, safety goggles, and a lab coat were used as PPE.  In addition while 
cracking the vials or working with organic solvents, these functions were performed under a 
vacuum hood to minimize vapor inhalation.  Standards were stored in a flame resistant cabinet.  
If the standards solutions were not exhausted during the experiments, they were disposed of 
properly as hazardous waste per the Kennedy Space Center’s protocols[28]. 
Experimental 
Materials 
 
The instrumentation and supplies used in this experiment are listed in Table 2.   
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Table 2:  Equipment and Materials Used in Experiments for Determining Contamination on 
Spaceflight and Ground Support Equipment. 
Equipment Manufacturer  Model Identification 
 
DART™ Ion Source Ionsense, Inc.  
High Resolution TOFMS  JEOL USA, Inc. AccuTOF™ 
Stainless Steel Forceps Various Manufacturers  
Melting Point Tubes Various Manufacturers  
Polyethylene Glycol 600 Spectrum Chemical and Laboratory Products, 
Inc. 
 
Methanol, HPLC Grade Fisher Chemical, Inc.  
 
The compounds and materials analyzed for inclusion into the user generated library are listed in 
Table 3.  The components listed in Table 3 came from multiple manufacturers and from storage 
facilities at the Kennedy Space Center.    
 
Table 3:  Compounds Analyzed 
Compounds and Materials 
1,2-Polybutadiene 
Aerogel 
Aliginic Acid (algin) 
Butyl methacrylate/isobutyl methacrylate copolymer (50/50 copolymer) 
Cellulose Acetate (39.8% Acetyl, 3.6% hydroxyl) 
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Compounds and Materials 
Cellulose Acetate Butyrate (17% Butyryl, 29.5% Acetyl, 1.5%hydroxyl) 
Cellulose Propionate medium MW 
Celluose sulfate sodium salt 
Celluose Triacetate 
Chemical/ Material Name 
Cotton Swabs 
Cotton swabs cleaned 
Dip it Sticks 
Dip it sticks cleaned 
Ethyl Celluose 
Ethylene/ Acrylic acid 
Ethylene/ Maleic Anhydride Copolymer 
Ethylene/ Vinyl Acetate Coploymer (V.A. 18%) 
Ethylene/ Vinyl Acetate Coploymer (V.A. 25%) 
Ethylene/ Vinyl Acetate Coploymer (V.A. 28%) 
Ethylene/ Vinyl Acetate Coploymer (V.A. 33%) 
Ethylene/ Vinyl Acetate Coploymer (V.A. 40%) 
Ethylene/ethyl acrylate copolymer (18% Ethyl acrylate) 
Ethylene/propylene copolymer (60% Ethylene) 
Ethylene/vinyl acetate copolymer 
FEP Teflon 
Fingerprints 
Hydroxylbutyl Methyl Celluose (Hydroxylbutyl 8%, Methoxyl 20%) 
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Compounds and Materials 
Hydroxylpropyl Celluose 
Hydroxylpropyl Methyl Celluose (hydroxylpropyl 10%, methyl 30%) 
Kapron film 3511 
Kapton Tape w/adhesive 
Kel-F 
Kim wipes 
Krytox™  
Methyl Celluose (methyl 30%) 
Methyl vinyl ether/maleic acid copolymer 
Methyl vinyl ether/maleic anhydride copolymer 
Mylar 
N-Vinylpyrrolidone/vinyl acetate copolymer 
Nylon 11 
Nylon 12 
Nylon 6 
Nylon 6(3)T 
Nylon 6/10 
Nylon 6/12  
Nylon 6/6 
Nylon 6/6 
Nylon 6/9 
Parachute cord 
Phenoxy resin 
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Compounds and Materials 
Poly(1-butene), isotactic 
Poly(2,6-dimethyl-p-phenylene oxide) 
Poly(4,4'-dipropoxy-2,2'-diphenyl propane fumarate) 
Poly(4-methyl-1-pentene) 
Poly(acrylic acid) 
Poly(alpha-methylstyrene) 
Poly(diallyl isophthalate) 
Poly(diallyl phthalate) 
Poly(ethyl methacrylate) 
Poly(ethylene oxide) 
Poly(ethylene terephthalate) 
Poly(isobutyl methacrylate) 
Poly(methyl methacrylate) 
Poly(n-butyl methacrylate) 
Poly(phenylene sulfide) 
Poly(p-phenylene ether-sulphone) 
Poly(vinyl acetate) 
Poly(vinyl alcohol), 98% hydrolyzed 
Poly(vinyl alcohol), 99.7% hydrolyzed 
Poly(vinyl butyral) 
Poly(vinyl chloride) 
Poly(vinyl chloride), carboxylated 
Poly(vinyl formal) 
29 
 
Compounds and Materials 
Poly(vinylidene fluoride) 
Polyacetal 
Polyacrylamide non ionic 
Polyacrylamide, carboxyl modified, high carboxyl content 
Polyacrylamide, carboxyl modified,lowcarboxyl content 
Polyamide resin 
Polycaprolactone 
Polycarbonate 
Polyethylene, chlorinated (25 wt% Chlorine) 
Polyethylene, chlorinated (36 wt% Chlorine) 
Polyethylene, chlorinated (42 wt% Chlorine) 
Polyethylene, chlorinated (48 wt% Chlorine) 
Polyethylene, chlorosulfonated 
Polyethylene, high density 
Polyethylene, oxidized 
Polyisoprene, chlorinated 
Polypropylene, isotactic, chlorinated 
Polystyrene 
Polysulfone 
Polyvinylpyrrolidone 
RTV 560 
RTV Sealant 732 White 
Styrene/acrylonitrile copolymer 
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Compounds and Materials 
Styrene/acrylonitrile copolymer (25% Acrylonitrile) 
Styrene/allyl alcohol copolymer 
Styrene/butadiene, ABA block copolymer 
Styrene/butyl methacrylate copolymer 
Styrene/ethylene-butylene, ABA block copolymer 
Styrene/isoprene, ABA block copolymer 
Styrene/maleic anhydride copolymer, partial methyl ester 
Teflon 
Versify 
Vespel SP-21 
Vinyl Alcohol/vinyl butyral copolymer 
Vinyl chloride/vinyl acetate copolymer 
Vinyl chloride/vinyl acetate copolymer 
Vinyl chloride/vinyl acetate/maleic acid terpolymer 
Vinyl chloride/vinyl acetate/vinyl alcohol terpolymer (80% Vinyl chloride, 5% vinyl acetate, 15% vinyl 
alcohol) 
Vinyl chloride/vinyl acetate/vinyl alcohol terpolymer (91% Vinyl chloride, 3% vinyl acetate, 6% vinyl 
alcohol) 
Vinylidene chloride/acrylonitrile copolymer 
Zein, purified 
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Instrument Optimization 
 
In an effort to obtain overall instrument sensitivity DART™ and TOFMS parameters 
were adjusted while the instrument response was evaluated.  Since the DART™ is an open air 
ionization source, the air background m/z’s were selected as indicators of performance.  Each of 
the parameters was adjusted to achieve maximum signal of the background air and water m/z’s.  
DART™ parameters adjusted were: horizontal distance to the TOFMS orifice, needle voltage, 
grid voltage, discharge voltage, metastable stream temperatures and flow rate.  For the TOF, 
parameters adjusted were peaks voltage, detector voltage, orifice one and orifice two voltage, 
and the ring lens voltage.  The peaks voltage at this point was set to 75 allowing the air and water 
peaks as well as any peaks above approximately 7.5 m/z to be observed.  According to the 
vendor the approximately one tenth of the peaks voltage is the lowest mass that will be observed 
[12]. 
Once these parameters listed above were optimized, the overall intensity of the 
background was determined to be 890,000 counts +/- 10,000 counts.  This overall intensity was 
monitored daily at the beginning and the ending of each set of analyses to verify instrument 
sensitivity and stability. 
Once the background air and water peaks are maximized indicating an optimal system, 
the “Peaks Voltage” was arbitrarily set to 800 V This setting allowed spectra with m/z of 
approximately 80 and above to be monitored.  This setting eliminated interferences such as air, 
water, methanol and acetone while ensuring sensitivity of the m/z’s of the analytes of interest.  
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For both positive and negative ion modes a peaks voltage of 800 V was determined to be optimal 
and produced high quality spectra for all analytes of interest.  The detector voltage was 
determined to be 2500 V based on the current systems conditions.  This value may need to be 
adjusted as the multiplier ages.  The detector voltage affects the overall sensitivity [15] however, 
in these experiments; the higher m/z’s seemed to have the greater effect.  With all the settings 
optimized,  a background value of approximately 3000-5000 counts was observed was obtained.  
Tables 4 and 5 display the optimized settings determined for the acquisition of the user generated 
libraries for positive and negative ion modes. 
 
Table 4:  Optimized Instrumental Parameters for Overall Data Acquisition in Positive Ion Mode 
DART™ Parameters TOFMS Parameters 
Needle Voltage 3500 V Peaks Voltage 800 V 
Grid Voltage + 150 V Detector Voltage 2500 V 
Discharge Voltage + 250 V Orifice 1  + 20 V 
Helium Flow 2.7 ml/min Orifice 2  + 5 V 
Temperature 250
◦
 C Ring lens + 5 V 
Polarity Positive Polarity Positive 
Exit Length Approximately 1 cm   
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Table 5:  Optimized Instrumental Parameters for Overall Data Acquisition in Negative Ion Mode 
DART™ Parameters TOFMS Parameters 
Needle Voltage 3500 V Peaks Voltage 800 V 
Grid Voltage - 150 V Detector Voltage 2500 V 
Discharge Voltage - 250 V Orifice 1  -20 V 
Helium Flow 2.7 ml/min Orifice 2  -5 V 
Temperature 250
◦
 C Ring lens - 5 V 
Polarity Negative Polarity Negative 
Exit Length Approximately 1 cm   
 
 
During the experimentation phase, higher background overall intensities were observed 
and were determined to be caused by several factors including atmospheric contamination and 
dirty ceramics at the exit of the DART™.  The atmospheric contaminants that were observed 
originated from painting, cleaning, and other industrial activities in proximity of the instrument.  
Since the daily atmospheric conditions could not be controlled, all spectra that were obtained 
were background subtracted.  The ceramic contamination was easily eliminated by removing and 
heating the contaminated piece in a muffle furnace set to 500
o
 C for over two hours. 
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Data Acquisition 
 
To acquire data, initially, the acquisitions parameters listed above were assigned while 
the TOF system was in “warm up” mode and the DART™ had been preheated to 250o C in 
standby mode.  The DART was turned to “operate mode’ and the instrument was allowed to 
stabilize for an additional 5 minutes to reach maximum sensitivity.   
Prior to the actual analysis of samples, introduction mediation such as glass melting point 
tubes, Dip-it
TM
 tubes, and forceps were cleaned with methanol and held in the metastable stream 
while the instrument was acquiring data in real time.  Once it was apparent no background 
spectra were present, the sampling materials were placed in a cleaned container, and were ready 
for sampling analytes.  This clean up step often took place while the instrument was stabilizing. 
Each component was analyzed in duplicate as a minimum.  Powder or finely divided 
samples were introduced by placing a pre-cleaned melting point tube directly into the sample 
followed by placement of the melting point tube end with sample directly in front of the 
metastable stream.  Larger samples were placed in front of the metastable stream directly with 
stainless steel forceps.  The samples were often “wiggled” and rotated while in front of the 
metastable stream to allow maximum desorption.  All samples and PEG 600 calibration 
standards were placed as close to the metastable stream as possible where the highest 
concentration of metastables are present as well as the largest heat transfer is possible.  The 
further away from the metastable stream exit of the DART™, the more the metastables react 
with atmospheric components transferring heat and energy.  If the analyte or PEG 600 actually 
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touches the ceramic end cap, it could become contaminated.  This would be observed by a higher 
background on the real-time acquisition chromatogram view.  The term "chromatogram" is used 
as a convention although it is not technically accurate since no separation taking place.   The plot 
is actually a total ion plot of real time data acquired from the TOF as a function of acquisition 
time.  However, prior publications refer to this plot as a total ion chromatogram.  As a note, the 
JEOL acquisition software names this plot a chromatogram because this software acquires data 
the same way whether a GC, HPLC or DART is attached to the TOF. 
During a discrete analytical acquisition, several different components could be analyzed.  
A PEG 600 standard would be run at the beginning, end, and between discrete samples.  Each 
component would be placed in front of the metastable stream at least twice.  The average time of 
acquisition was 5 minutes.  This allowed for analysis of several components while keeping the 
file size less than 20 megabytes for easy data transfer.  Figure 5 displays a typical chromatogram 
obtained from a multiple analyte run.   
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Figure 5:  Total Ion Chromatogram, TIC, (Top) and Extracted Ion Current Chromatogram of the 
Acquisition of Three Discrete Samples Separated by PEG 600 
 
Note that the peaks in the bottom chromatogram at scans 12, 66, 125, and 204 are PEG 600 
standards.  In addition to file size considerations, the limited run time of 5 minutes was chosen 
for ease of data interpretation.  Sample analytes were limited to 3-4 analytes per to keep the 
picking of analytes from the chromatogram from getting too complicated.  If a sample had little 
37 
 
or no response in the positive ion mode the sample would be analyzed in the negative ion mode 
to determine which, if either, mode produced greater intensity of ions. 
 
Results 
Data Interpretation 
 
The most critical instrumental parameters were determined to be: the horizontal distance, 
flow, temperature, and sample placement distance.  The factory recommended ring lens, orifice 
one and orifice two voltages were chosen because it was seen to produce the least amount of 
fragmented spectra thus aiding in data interpretation.  The acquired data was processed on a third 
vendor software program TssPro™.  This program had significant advantages over the JEOL® 
software in terms of ease of calibration, and ease of data interpretation.  This software also could 
be used to save the calibrated and background subtracted spectra in a format that can be used in 
the ChemSearch™ program for user defined custom library searches and data comparison.   
The initial step to interpreting the data was to ensure the system was properly calibrated.  
The final PEG 600 standards in each acquisition file were evaluated to determine if the masses 
met calibration criteria over the range of m/z’s analyzed.  This was determined by a program in 
the TSS Pro software.  This program uses calculated exact masses of PEG 600 peaks and plots a 
polynomial equation of the masses which compensates for mass drift.  Per the manufacturers 
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recommendation, a fit in the order of 10
-10
 will produce spectra with m/z in a range of +/- 3 
millimass unite (mmu) [17].  After the file has been calibrated, the PEG 600 spectra obtained at 
the beginning and the end of the analytical run were visually inspected for drift.  Table 6 lists the 
calculated exact masses for the spectral peaks of a PEG 600 standard. 
 
Table 6:  Exact Masses and Associated Fragment Compositions of a PEG 600 in DART™ Positive 
Ion Mode [12] 
Exact Mass  Composition 
65.06025  [(CH3OH)2+H]+ 
107.07081  [(C2H4O)2+H2O+H]+ 
151.09703  [(C2H4O)3+H2O+H]+ 
195.12324  [(C2H4O)4+H2O+H]+ 
239.14946  [(C2H4O)5+H2O+H]+ 
283.17567  [(C2H4O)6+H2O+H]+ 
327.20189  [(C2H4O)7+H2O+H]+ 
371.2281  [(C2H4O)8+H2O+H]+ 
415.25432  [(C2H4O)9+H2O+H]+ 
459.28053  [(C2H4O)10+H2O+H]+ 
503.30675  [(C2H4O)11+H2O+H]+ 
547.33296  [(C2H4O)12+H2O+H]+ 
591.35918  [(C2H4O)13+H2O+H]+ 
635.38539  [(C2H4O)14+H2O+H]+ 
679.41161  [(C2H4O)15+H2O+H]+ 
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Exact Mass  Composition 
723.43782  [(C2H4O)16+H2O+H]+ 
767.46404  [(C22H4O)17+H2O+H]+ 
811.49025  [(C2H4O)18+H2O+H]+ 
855.51647  [(C2H4O)19+H2O+H]+ 
899.54268  [(C2H4O)20+H2O+H]+ 
943.5689  [(C2H4O)21+H2O+H]+ 
987.59511 [(C2H4O)22+H2O+H]+ 
1031.62132  [(C2H4O)23+H2O+H]+ 
1075.64754  [(C2H4O)24+H2O+H]+ 
1119.67375  [(C2H4O)25+H2O+H]+ 
 
The criterion for rejection of actual sample data was adjusted to +/- 0.005 m/z as this was more 
realistic based on the data obtained at KSC.  If the data was not within the mass drift 
specification, the data was manually calibrated.  All of the data obtained in these experiments 
met the +/- 5 mmu criteria.  Figure 6 is the representative spectrum obtained at KSC of a PEG 
600 run at the beginning and end of a representative acquisition. 
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Figure 6:  Spectrum of PEG 600 Analyzed at KSC on DART™ TOFMS in Positive Ion Mode 
 
Note in Figure 6, approximately 100 m/z is the lowest m/z obtained.  Samples were acquired with 
the peaks voltage setting of 1000 V.  As explained in Chapter Two, the approximate lowest m/z 
acquired is approximately one tenth of the peaks voltage setting.  Once the data file had been 
verified to be within mass drift specifications, the analyte of interest’s spectra were averaged and 
background subtracted.  This spectrum was compared to the averaged and background subtracted 
spectrum of the duplicate analyte.  If the major m/z’s in each spectra did not match within +/- 5 
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mmu the sample was rejected and reanalyzed.  If the spectrum contained major peaks of potential 
contaminants, the samples were reanalyzed for verification.  Often times, it was noted that the 
standards did show background contamination from their respective storage containers. 
One of the greatest challenges in interpreting DART™ obtained Spectra was 
distinguishing the sample spectra from background contaminants.  Once sample spectra were 
obtained, the major m/z’s (those that are over10 percent of the base m/z), were compared to the 
spectra of many compounds and mixtures determined to be laboratory background contaminants. 
These samples included: nitrile gloves commonly used as personal protective equipment, plastic 
baggies such as Ziploc™-type which are used to contain samples, fingerprints, various phthalate 
and adipate esters that were found on most of the sampling and laboratory glassware, cellulose 
compounds from laboratory cleaning wipes, sampling swabs and other sources.  These known 
contamination samples were included in the library; however, they were noted as possible 
laboratory artifacts.  Since many of these contaminants were found to be ubiquitous in the 
laboratory, when these potential contaminant compounds are determined to be present in 
significant quantities of an unknown sample, a qualifier as potential laboratory contamination 
must be included in the final report. Table 7 is a listing of potential contamination obtained from 
these experiments combined with the list established by the manufacturer. 
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Table 7:  Common DART™ Background Contaminants [12] 
Name Observed m/z 
 
Formula Where found 
 
Water dimer 37.028954 H5O2 Air 
Acetone 59.04969 C3H6O3 Background 
Ethoxyethoxyethanol 99.08099 C6H11O Pipe dope 
Ethoxyethoxyethanol 117.091555 C6H12O2 Pipe dope 
Ethoxyethoxyethanol 134.118104 C6H16NO2 Pipe dope 
Ethoxyethoxyethanol 152.128669 C6H18NO3 Pipe dope 
Erucamide 338.34229 C22H43N1O1 Plastic bags 
Cholestadiene 369.352127 C27H44 Fingerprints, sweat 
Decamethylcyclopentasiloxane 371.101791 C10H30O5Si5 Instrument 
Dioctyladipate 371.316135 C22H42O4 Everywhere 
Bis(ethylhexyl phthalate) 391.284835 C24H38O4 Everywhere 
Squalene 411.399077 C30H50 Fingerprints 
KSC Background 100.033  KSC lab 
KSC Background 107.064  KSC lab 
KSC Background 111.121  KSC lab 
KSC Background 137.135  KSC lab 
KSC Background 199.167  KSC lab 
KSC Background 207.162  KSC lab 
KSC Background 445.137  KSC lab 
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Although it was not necessary to determine the chemical formula of all the ions in each 
spectrum produced, determining certain major ions molecular formula can be quite useful for 
determining unknowns.  It is also helpful to determine molecular formula of specific ions in a 
spectrum to verify identification.  For the purpose of this custom library, molecular formulas of 
specific ions in a spectrum were determined by using the method described in the Background 
section of the dissertation.  An example is the nylon family of polymers.  The molecular formula 
for Nylon 6 is (-C6H11NO-)x  If each of the monomers forms an ion with a hydrogen adduct, 
which is most common for the DART™ positive ion mode for these types of compounds, 
molecular peaks of [C6H11NO + H]
+ 
and [(C6H11NO)2 + H]
+
, should be present.   Likewise for 
Nylon 12 the DART™ spectrum should contain spectral peaks with m/z values corresponding to 
[C12H23NO + H]
+
 and [(C12H23NO)2 + H]
+
.  Figures 7 and 8 display: the experimental spectra, 
the exact masses, and the m/z’s obtained for the two nylons. 
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Figure 7:  Spectrum of Nylon 6 on DART™TOFMS 250 C 
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Figure 8:  Spectrum of Nylon 12 on DART™TOFMS 250 C 
 
It should be noted that at higher gas stream temperatures, peaks matching larger polymer 
fragments were obtained.  Based on the variability of spectra produced by differing instrumental 
parameters, it is necessary to analyzed future unknown samples using the same acquisition 
parameters that were used in generating the library spectra. 
Spectra were obtained for over 120 compounds using both positive and negative ion 
modes. The analytes were separated by calibration standards.  For spectra to be considered for 
inclusion in the libraries, a mass drift range between standards that was acceptable was 0.005 
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m/z.  Using a mass tolerance range criteria of 0.010 m/z for analyte samples, one hundred percent 
of the spectra generated were correctly identified using the spectral matching library.  The 
spectra of all the compounds were saved in a text format that is compatible with the library 
search program developed by ChemSW®, Inc.  The software allows both forward and backward 
searches from multiple libraries.  Search criteria parameters can be adjusted to fit the specific 
needs of the analyst. 
Two data bases were generated.  One database contained exact mass full spectra for 
library full spectrum searches.  The second data base contained names of compounds and their 
most prominent mass spectral peaks associated m/z.  Comparison of analyte spectra used in the 
library to analyte spectra obtained on different days again produced correct analyte identification 
of 100% when the mass tolerance window was set to 10 mmu.  All of the primary peak m/z’s 
stored in the prominent peaks library were observed when the samples were analyzed on 
different days.   
Conclusion 
 
The DART™ TOFMS technique for analysis of organic contamination has proven to be 
successful in the identification of random samples with associated library entries on various 
days.  This method has significant advantages over the GC/MS and FTIR techniques for analysis 
of spaceflight hardware and ground support equipment contamination.  The foremost advantage 
is the ability to distinguish between specific polymers of the same group in a timely manner.  As 
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seen above the spectrum produced by Nylon 6 is completely different from nylon 12.  FTIR 
techniques only determine functional groups and cannot differentiate between polymers within 
the same classification.  The differing molecular weights of the monomers make using mass 
spectrometry the optimal choice of detection.  GC/MS analysis is not a viable option as the 
polymers do not go easily into solution.  Pyrolysis GC/MS is an alternative although it has 
disadvantages of much longer analysis times and complicated data interpretation.  
Interpretation of unknown sample spectra becomes more complicated when the unknown 
sample contains more than one compound that is not listed in the library.  For these compounds, 
using the data base of the most prominent peaks works well especially, if one is trying to 
determine the presence or absence of a specific library entry. 
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CHAPTER FOUR: ANALYSIS OF LOW LEVEL PHARMACEUTICAL 
CONTAMINANTS IN WATER USING A SBSE DART™ TOFMS 
Introduction 
 
Continual improvement of analytical methods for the detection of trace levels of 
contaminants in potential drinking water sources is of extreme importance to both regulatory 
communities and concerned citizens.  Current EPA methodologies for the analysis of 
contaminants of emerging concern utilize an extraction step, a cleanup procedure, followed by 
analysis by HPLC/MS/MS and by HRGC/HRMS.  The instrumental procedure require analytical 
runtimes of approximately 25 and 45 minutes respectively (1694 and 1699).This paper 
introduces and evaluates a novel analytical method using stir bar sorbtive extraction (SBSE) 
techniques combined with analysis using a direct analysis real time (DART™) ion source paired 
with a TOFMS.  Compounds of interest included several representative pharmaceutical 
contaminants of emerging concern listed in EPA method 1694.  Optimal SBSE and DART™ 
experimental parameters were investigated.  The method developmental parameters will be 
discussed in detail.  The analytical results of samples, brought through the entire analytical 
process, will be compared to the EPA method focusing on accuracy precision and calibration 
linearity.  In addition practical aspects such as sample volumes required, timeliness and costs 
associated of this mew method will be discussed and compared to current methodologies. 
 
49 
 
Safety and Environmental Concerns 
 
Some of the standards used in this experiment have toxic properties associated that have 
not been fully defined.  The Material Safety Data Sheets (MSDS) of each standard was read and 
a copy stored near the container for references.  Based on the personal protective equipment 
(PPE) recommendations in the MSDSs, the safety precautions were observed.  While handling 
standards and samples, gloves, safety goggles, and a lab coat were used as PPE.  Cracking the 
standard vials and working with organic solvents were performed under a vacuum hood to 
minimize vapor inhalation.  Standards were stored in a flame resistant cabinet.  If the standards 
solutions were not exhausted during the experiments, they were disposed of properly as 
hazardous waste per the Kennedy Space Center’s protocols [28]. 
Materials 
 
 The instrumentation, equipment, chemical and other materials used for this experiment 
are listed in Table 8. 
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Table 8:  Instrumentation, Equipment, Chemical, and Other Materials Used in SBSE DART 
TOFMS Experiments. 
Equipment Manufacturer  Model Identification 
 
DART™ Ion Source Ionsense, Inc.  
High Resolution TOFMS  JEOL USA, Inc. AccuTOF™ 
Stainless Steel Forceps Various Manufacturers  
Melting Point Tubes Various Manufacturers  
20 ml VOC Vials Ichem  
Twister™ with 0.5 mm film 
thickness PDMS 
GERSTEL®  
Adjustable magnetic stir 
plates 
Various manufacturers  
Polyethylene Glycol 600 Spectrum Chemical Products, Inc.  
Methanol, HPLC Grade Fisher Chemical, Inc.  
Fluoxetine (1000µg/m Cerillliant  
Fluoxetine d-6  (100 µg/ml) Cerillliant  
Diphenhydramine Cerillliant  
Diphenhydramine- d3 Cerillliant  
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Experimental 
Initial Instrumental Analysis of Certified Analytical Standards 
 
Before the SBSE experiments could begin, it was necessary to determine the DART™ 
TOFMS settings that would produce spectra that were identifiable, reproducible, and with 
enough signal to achieve limits of detection in the µg/L range.  Prior research using the 
Twister™ as the sorbent media, required the units to be thermally desorbed into a GC inlet at 
300
◦
 C, the DART™ temperatures were set accordingly[26].  The polarity of the ionization mode 
was determined based on the electrospray ionization polarity used in the EPA methods [21, 22].  
The other initial parameters were chosen based on past experience which is cited in the previous 
chapter three of this dissertation.  The initial conditions for the detection of the analytes are listed 
in Table 9.   
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Table 9:  Instrument Parameters for the Initial Detection of Analytes 
DART™ Parameters TOFMS Parameters 
Needle Voltage 3500 V Peaks Voltage 1200 V 
Grid Voltage +/- 150 V Detector Voltage 2500 V 
Discharge Voltage +/-250 V Orifice 1 Voltage +/- 20 V 
Helium Flow 2.7 ml/min Orifice 2 voltage +/- 5 V 
Temperature 300
◦
 C Ring Lens Voltage  +/- 5 V 
Polarity Analyte Dependant Polarity Analyte Dependant 
Ceramic Exit Length Approximately 1 cm   
 
During these initial experiments samples were acquired by simply dipping a melting 
point tube into the certified standard and immediately placing the melting point tube in the 
metastable stream in a waving motion.  The distance that the samples were placed from the 
ceramic exit of the DART™ was approximately 5 mm.  The standards listed in the Materials 
section were analyzed individually to verify that instrument conditions were set to appropriately 
to see the analytes of question at a reasonable sensitivity.  The concentrations of these standards 
were in the range of 100-1000 mg/L.  The spectra peaks obtained were compared to calculated 
exact masses to verify performance.  At the beginning and ending of each analytical run, PEG 
6000was analyzed and used to calibrate the TOFMS.  After calibration, the PEG standards 
spectral peaks were compared to calculated exact masses.  A tolerance of +/- 0.005 m/z for 
spectral peaks in the range of the analytes was required for the data to be valid.   
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Aqueous Sample Extraction 
 
 To 25 ml vials, 20 ml of 18 mΩ purified water was added.  The samples were spiked with 
analytes and isotopically labeled standards.  A preconditioned Twister™ stir bar was added and 
the sample was placed on a stir plate for at least 24 hours.  Then, the stir bar was gently removed 
from the aqueous sample with forceps and dried on a lint-free laboratory wipe for at least one 
hour.   
Reconditioning the Twister™ Stir Bars 
 
Before and after analysis the stir bars were conditioned to remove any potential carryover 
analytes or other interferences.  Initially, as recommended in prior publications [27], the 
Twister™ was soaked in MΩ purified water for over 24 hours.  Then the stir bars were removed, 
dried, and placed in a solution of 1:1 methanol: methylene chloride for at least 24 hours.  In early 
experiments, the stir bars were placed in the metastable stream of the DART™ for 30 minutes at 
a temperature of 300
◦
C.  In subsequent experiments, the stir bars were place in the metastable 
stream while the instrument was in operate mode to monitor for contamination in real time.  
Once the presence of contaminants was confirmed, usually less than three minutes, the cleaned 
stir bars were cooled and were ready to be set up in subsequent experiments.   
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Development of a Twister™ Stir Bar Sample Introduction Inlet 
 
Initially the stir bars with extracted analytes were placed directly in the DART™ 
metastable stream with stainless steel forceps.  The main purpose of this crude introduction was 
to verify that the DART™ metastable stream would both desorb and ionize the analytes while in 
transport to the entrance orifice of the TOFMS.  Once the desorption, ionization and transport 
were verified by the presence of a significant total ion peak containing spectra with the 
appropriate spectral peaks, a less manual and more consistent method of sample introduction was 
investigated.  The Vapur™ gas separator from Ionsense along with the CI inlet was installed and 
evaluated.  In addition several prototype inlets were investigated. 
  These potential sample inlets’ efficacies were measured by the following process.  After 
installation and warm up of the entire DART™-prototype Twister™ inlet- TOFMS, the system 
was set to the optimal conditions mentioned above for the analysis of the analytes.  The peaks 
voltage was reduced to 75 V to measure the air background peak with m/z of 37.  The 37 peak 
intensity was compared to normal operating conditions which typically yielded 890,000 counts.  
If the intensity was within this background intensity within an order of magnitude, a sample stir 
bar with analytes absorbed was placed in the stream and the chromatogram and spectra were 
acquired.  As a side note, the term "chromatogram" is used as a convention although it 
technically accurate since no separation taking place.   The plot is actually a total ion plot of real 
time data acquired from the TOF as a function of acquisition time.  However, prior publications 
refer to this plot as a total ion chromatogram.  As a note, the JEOL acquisition software names 
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this plot a chromatogram because this software acquires data the same way whether a GC, HPLC 
or DART is attached to the TOF. 
Based on these results modifications were made to the inlet.  Materials used for the inlet 
were brass steel ceramics tubes.  The length, diameter, and cut outs were modified.  To cut and 
modified the ceramic tubes, a diamond saw and a Dremmel® rotary tool with diamond/ carbide 
tips were used.  
Instrumental Analysis 
 
Prior to analysis, the DART™ and TOFMS were set to the conditions listed in Table 9 and 
allowed to stabilize until the intensity of the  37 m/z peak was in the order of magnitude of 
890,00.  At this point, the peaks voltage was set to 1200 V.  The acquisition parameters were set 
to the specifications listed in Table 10. 
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Table 10:  SBSE Acquisition parameters 
DART™ Parameters TOFMS Parameters 
Needle Voltage 3500 V Peaks Voltage 1000 V 
Grid Voltage + 150 V Detector Voltage 2500 V 
Discharge Voltage + 250 V Orifice 1  + 20 V 
Helium Flow 5.0 ml/min Orifice 2  + 5 V 
Temperature 300
◦
 C Ring lens + 5 V 
Polarity Positive Polarity Positive 
Exit Length Approximately 2 cm   
 
Once the TOFMS system begins real time acquisition, the PEG 600 calibration standard is 
placed in front of the DART™ metastable stream until a peak appears on the real time 
chromatogram plot and the PEG 600 spectrum is displaying on the real time spectrum monitor.   
At this point the sample Twister™ is carefully picked with metal forceps and placed in the 
sample stream of the newly designed inlet.  Figure 9 show the placement of the Twister in the 
inlet stream. 
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Figure 9:  Twister Sample Inlet Installed onto DART™ and TOFMS 
 
A large Teflon-coated sir bar is used to aid in the placement of the twister so that is lies 
diagonally across the sample inlet.  The sample is left in place until the spectrum monitor and ion 
monitor intensity has stabilized.  This usually takes less than 2 minutes.  At this point the Twister 
is removed and PEG 600 is again analyzed.  The PEG 600 peaks are used for mass drift 
calibration calculations and verification. 
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Results 
Inlet Design 
 
In theory, the CI block butted to the Vapur manifold device as seen in Chapter Two 
Figures 2 and 3 would direct almost all of the eluent desorbed and ionized analytes from the stir 
bars into the orifice of the TOFMS.  This system was also thought to be more consistent than 
simply waving the stir bar directly in the metastable stream.  The sensitivity was greatly 
increased for standards that were introduced into the entrance of the block by melting tubes.  
However, this configuration did not work for the Twister™.  Once the stir bar was placed in the 
CI block, the spectrum and chromatogram monitor would go flat indicating a complete loss of 
signal.  One plausible explanation is that the narrow inside room of the CI block limited the flow 
around the stir bar and did not allow adequate desorption and/or ionization.  This combination of 
the CI dopant block connected the Vapur manifold should be tested for other applications based 
on the increased sensitivity observed in these experiments. 
Once, the Vapur-CI block configuration was scrapped, inlets that would connect the 
DART™ to the orifice of the TOFMS without the use of the Vapur™ manifold were considered.  
Elimination of this manifold would allow other future analysts to try this technique without the 
need to purchase an expensive accessory.  The inlets designed from the metals tubes produced 
poor results.  The TOFMS signal would drop to near zero.  One possible explanation is that the 
metal from the tubing that was touching the orifice shorted applied voltage.  This voltage helps 
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direct the ions into the TOFMS.  With this distorted electrical field, the ions would not be 
directed properly. 
The inlet design that produced the best results was fabricated from a non-porous ceramic 
tube.  The specifications of the ceramic material are in Table 11.    
 
Table 11:  Specifications of the Ceramic Tubing Used in Sample Inlet Design[29] 
Parameter Specification 
Material  Very high temperature nonporous high alumina ceramics 
Manufacturer  McMaster-Carr® (part number: 8746K21) 
Outside Diameter ½ inch 
Inside Diameter 3/8 inch 
Operating Temperature  Range Up to 3100◦ F 
 
The inlet was engineered to allow atmospheric gases to mix with the heated metastable stream 
exiting the DART™ thus producing the ions necessary for sample ionizations.  Since the 
compounds absorbed into the PDMS coating of the stir bar would need to be thermally desorbed, 
the insert for the Twister™ stir bar was placed close to that metastable stream to minimize 
thermal loss.  In addition, recommendations from the manufacturer of the DART™, suggest the 
sample should be placed as close as possible to the metastable stream for the highest ionization 
efficiency and therefore maximum sensitivity of the TOFMS [12].  Since the orifice entrance to 
the TOFMS is designed to be at atmospheric pressure, the sample inlet had to be designed to 
allow the excess flow coming from the DART™ to be channeled away from the orifice.  Without 
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this diversion of flow, the instrument’s pirani pressure gauge would indicate excess pressure and 
shut down the electronics within the TOFMS to prevent damage.  A goal of maximum 
desorption, ionization and transfer of analytes to the entrance orifice  of the TOFMS without 
delivering excessive pressure required many modifications of the ceramic inlet design.  Figure 10 
displays a schematic of the optimal the theoretical design of the inlet.   
 
 
Figure 10:  Schematic Design of the Inlet for SBSE onto a DART TOFMS 
 
Figures 11 displays a magnified picture of the actual prototype ceramic sample inlet installed 
onto the DART™ and that TOFMS. 
TOFMS Inlet 
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Figure 11:  Magnified Picture of the Prototype Sample Inlet 
 
The final prototype inlet design had a length of 2.0 cm.  This distance allowed the inlet to rest 
inside the fitting at the exit of the DART™ and allowed the back side of the inlet to connect 
directly to the outside of the orifice cone at the entrance to the TOFMS.  The inlet tube length 
was designed based on the fixed distance off the DART™ mount.  Two small divots with a 
width of approximately 5 mm × 5mm were cut into the ceramic tube on diametrically opposite 
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sides of the tube on the TOFMS side.  When installed, these divots would be halfway between 
aligned directly anterior and posterior from a side view.  On the DART™ exit side of the inlet a 
divot of 10 mm × 5 mm was removed to allow the placement of the Twister™ stir bar.  This 
divot was cut into the top middle of the ceramic tube. 
The DART™ exit was manually adjusted to its longest axial distance so that a lip was 
created within the DART™ mount to allow the inlet to be inserted.  The axial length was then 
manually adjusted to just butt the inlet to the stainless steel orifice cone.  The inlet simply is held 
in place by the axial force.  It should be noted that insertion of the inlet and adjusting the axial 
position of the DART™ should be performed with care to ensure that just enough pressure is 
applied to the inlet to hold it in place.  Too much pressure could crack the inlet or the exit 
ceramic fitting from the DART™. 
One Step Desorption and Ionization of Analytes from the Twister™ 
 
Analyzing standards directly on the DART™TOFMS without the SBSE produced data 
that were consistent with spectra produced in similar DART™-MS publications as referred to in 
the Chapter 2 and in published sources[25].  In the positive mode most compounds form an ion 
with a m/z of the molecular weight plus the addition of a hydrogen atom ([M+H
 +
).  Figures 12 
and 13 display the spectra obtained from the DART™ TOFMS of representative analytes.   
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Figure 12: Dart TOFMS Spectrum of Floroxetine (Prozac) 
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Figure 13: DART™ TOFMS Spectrum of Diphenhydramine(Benadryl) 
 
The components with their associated exact molecular masses were calculated and compared to 
theoretical and experimentally determined m/z peaks.  As seen in Table 12 these values are well 
within tolerance levels established of +/- 10 mmu. 
 
[C17H21NO]-H
+
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Table 12:  Pharmaceutical Analytes with Experimentally Confirmed Molecular Weights 
Compound Name Molecular 
Formula 
Exact Mass Exact mass with 
H- Adduct 
Experimentally 
Determined m/z 
 
Fluoxetine  C17H18F3NO 309.134048 310.141878 310.1442 
Fluoxetine-D6  C11D6H12F3NO 315.1683872 316.1762172 316.1795 
Diphenhydramine C17H21NO 255.162313 256.170143 256.1711 
Diphenhydramine- D3 C17D3H18NO 258.1802996 259.1881296 259.1825 
Caffeine C8H10N4O2 194.080376 195.088206 195.0859 
Caffeine-
13
C3 C5
13
C3H10N4O2 197.090576 198.098406 198.0989 
 
 
Evidence that the SBSE DART™ TOFMS method was able to effectively desorb, ionize, 
and transfer the ions to the TOFMS, is found by inspection of the spectra obtained from analysis 
of a Twister™ impregnated with analytes.  Figure 14 displays a spectrum with Fluoxetine and 
Diphenhydramine that were extracted from aqueous samples using a Twister™ and analyzed in 
the newly designed sample inlet. 
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Figure 14:  Spectrum of 100 µg/L SBSE Standard Desorbed and Ionized by DART™ 
 
Analytical Data Calculations 
 
Quantitation of the data was performed by the isotopic dilution method.  Samples are spiked with 
isotopically labeled analogs of the analytes.  The quantitation is based on a ratio of the area of 
the native compounds and the area of isotopically labeled compounds in the samples compared 
to authentic certified standards and their respective area ratios with the isotopically labeled 
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analogs.  The procedure mathematically adjusts for the losses that may occur in any step of the 
analytical procedure by assuming that labeled analogs will behave exactly like the native 
compounds.  The isotopic dilution method is also used in the EPA method 1694 and others[21, 
22].  The area of each analyte or labeled analog was determined by manual integration of the 
area of the respective exact mass ion chromatogram.  The exact masses for each analyte are 
listed in Table 12.  Figure 15 displays a typical total ion chromatogram and associated exact 
mass ion chromatograms obtained using the SBSE DART™ TOFMS method. 
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Figure 15:  Reconstructed Total Ion Chromatogram (Top) and Exact Mass Ion Chromatogram of 
Fluoxetine (Bottom) for a Sample using the SBSE DART™ TOFMS Method. 
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Linearity 
 
To determine the linearity of the SBSE DART™-TOFMS method, a seven point 
calibration was extracted and analyzed.  The data displayed in Tables 14 and 15 displays the 
concentration range of each analyte to 0.5 µg/L-100 µg/L in 20 ml samples.  This equates to 10 
ng to 2000 ng of each analyte.  The labeled analogs were added to each sample at a level of 10 
µg/L.   
 
Table 13:  SBSE DART™-TOFMS Calibration Data for Fluoxetine 
Fluoxetine 
Concentration 
(ug/L) 
Fluoxetine-D6 
Concentration 
(ug/L) 
Area Mass 
310.1419 
(Fluoxetine) 
Area Mass 
316.1762 
(Fluoxetine-D6) 
Relative 
Response
1
 
0.5 10 65190 954209 1.37 
1.25 10 180574 1072765 1.35 
5 10 168620 247161 1.36 
12.5 10 982626 697056 1.13 
50 10 562383 102421 1.10 
100 10 410426 37523 1.09 
1
Relative Response is defined as: (area of the analyte peak × concentration of the isotope)/(area 
of the isotope peak × concentration of the analyte)[21, 22] 
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Table 14:  SBSE DART™-TOFMS Calibration Data for Diphenhydramine 
Diphenhydramine 
Concentration 
(ug/L) 
Diphen- 
hydramine-D3 
Concentration 
(ug/L) 
Area Mass 256.1701 
(Diphen- 
hydramine) 
Area Mass 
259.1881 
 (Diphen- 
hydramine –D3) 
Relative 
Response
1
 
0.5 10 174354 2338960 1.49 
1.25 10 374544 2453167 1.22 
5 10 437500 672540 1.31 
12.5 10 2310262 1842037 1.00 
50 10 1958362 419328 0.934 
100 10 3394565 351454 0.965 
1
Relative Response is defined as: (area of the analyte peak × concentration of the isotope)/(area 
of the isotope peak × concentration of the analyte)[21, 22] 
 
Figures 16 and 17 demonstrate the linearity of the method.   
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Figure 16 :  SBSE DART™-TOFMS Calibration of Fluoxetine 
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Figure 17:  SBSE DART™ TOFMS Calibration of Diphenhydramine 
 
The corresponding correlation coefficients of greater than 0.99 exceeds the EPA method 
requirements stated in the quality assurance sections of most EPA methods[30]. 
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Precision 
 
 Several experiments were performed to demonstrate the precision of the SBSE-DART™ 
method of analysis of pharmaceutical compounds in aqueous media. Table 16 and 17 
summarizes the statistics obtained from three different experimental runs.   
 
Table 15:  Precision Statistics of SBSE-DART™ Method for Fluoxetine 
Experiment  Number 
of 
Samples
1
 
Time 
Extracted 
(Days) 
Fluoxetine 
Concentration 
(ug/L) 
Fluoxetine-D6 
Concentration 
(ug/L) 
 Average 
Relative 
Response
2
 
Percent 
Relative 
Standard 
Deviation 
3/19/09  4 1 5-50 5-50 1.21 18.06 
3/23/09  4 3 5 5 1.33 5.01 
3/26/09  6 4 0.5-100 10 1.23 11.3 
Overall     1.26 11.6 
1
The number of samples does not include method blanks, instrument blanks, and other quality 
control samples. 
2
Relative Response is define as: (area of the analyte peak × concentration of the isotope)/(area of 
the isotope peak × concentration of the analyte)[21, 22] 
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Table 16:  Precision Statistics of SBSE-DART™ Method for Diphenhydramine 
Experiment  Number 
of 
Samples
1
 
Time 
Extracted 
(Days) 
Diphen-
hydramine 
Concentration 
(ug/L) 
Diphen- 
hydramine- D3 
Concentration 
(ug/L) 
 Average 
Relative 
Response
2
 
Percent 
Relative 
Standard 
Deviation 
3/19/09  4 1 5-50 5-50 1.32 22.4 
3/23/09  4 3 5 5 1.17 10.8 
3/26/09  6 4 0.5-100 10 1.15 19.2 
Overall     1.20 17.9 
1
The number of samples does not include method blanks, instrument blanks, and other quality 
control samples. 
2
Relative Response is define as: (area of the analyte peak × concentration of the isotope)/(area of 
the isotope peak × concentration of the analyte)[21, 22] 
 
Variables that were altered included: number of days extracted, concentration of analyte, and the 
concentration of the labeled isotopes.  Remarkably, the relative response calculated by isotopic 
ratio was consistent.  Comparing this data to EPA methods 1694 quality assurance section 9.2, 
the initial precision of 4 samples should have a precision of less than 30 relative percent 
difference (%RSD)[21].  The data obtained in these tables is well under that limit for each 
experiment.  The amount of analyte and labeled isotopes for the initial precision and accuracy for 
Diphenhydramine and Fluoxetine are 30 and 75 ng respectively.  The standards in these 
experiments range from 0.5-100 µg/L in 20 ml samples.  This equates to a range of 10 ng to 2000 
ng per sample which encompasses the EPA recommended spiking amounts.  In addition, 
combining all the experiments with variable extraction times and concentrations still produced 
data with precision that exceeds the EPA method standards for initial precision requirements 
[21].  
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Accuracy 
 
 The accuracy of this method can be best be evaluated by comparing the average percent 
recovery of multiple samples brought through the entire process.  Table 18 and 19 represents the 
data obtained from aqueous samples that were brought through the complete SBSE DART™-
TOFMS method.   
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Table 17:  SBSE DART™-TOFMS Accuracy Data for Fluoxetine 
Sample ID Calculated 
Concentration 
(µg/L) 
True Value 
(µg/L) 
Percent Recovery 
(%) 
032309 sample 1 4.21 5.00 84.2 
032309 sample 2 4.76 5.00 94.9 
032309 sample3 4.41 5.00 88.29 
032309 sample 4 4.42 5.00 88.49 
032609 Sample 3 5.01 5.00 100. 
Average Percent Recovery 91.2   
Standard Deviation 6.34   
 
 
Table 18:  SBSE DART™-TOFMS Accuracy Data for Diphenhydramine 
Sample ID Calculated 
Concentration 
(µg/L) 
True Value 
(µg/L) 
Percent Recovery 
(%) 
032309 sample 1 3.92 5.00 78.4 
032309 sample 2 4.90 5.00 98.0 
032309 sample3 4.88 5.00 97.6 
032309 sample 4 4.25 5.00 85.1 
032609 Sample 3 5.01 5.00 100. 
Average Percent Recovery 91.8   
Standard Deviation 9.59   
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The average accuracy of 91.2% for Fluoxetine and range of 84.2-100 is well within the EPA 
method 1694 initial precision and accuracy range limits set at 54-112 %for Fluoxetine[21] 
Similarly, the experimentally determined percent recovery range of 98.4-100 is well within the 
EPA Method 1694 accuracy limits of 53-108 % for Diphenhydramine [21]. 
 
Limits of Detection 
 
 Although there are many different approaches for determining the limits of detection of 
analytical procedures [30, 31], for the purpose of comparing this method to EPA approved water 
method, the preliminary detection limits were determined loosely based on the procedure of the 
40 Code of Federal Regulations (CFR) part 136 Appendix B which uses the standard deviation 
obtained from several replicates and multiplies this by the student’s T factor.  The standards 
deviation is assumed  to represent the variance or experimental noise within the method [32].  
Data represented in Tables 20 and 21 for Fluoxetine and Diphenhydramine produced MDLs of 
1.19 and 1.79 µg/L respectively.   
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Table 19:  Data used for SBSE DART™-TOFMS MDL Calculations for Fluoxetine 
Sample ID Calculated 
Concentration 
(µg/L) 
032309 sample 1 3.92 
032309 sample 2 4.90 
032309 sample3 4.88 
032309 sample 4 4.25 
032609 Sample 3 5.01 
Standard Deviation 0.32 
Calculated MDL 1.18 
 
 
Table 20:  Data used for SBSE DART™-TOFMS MDL Calculations for Diphenhydramie 
Sample ID Calculated 
Concentration 
(µg/L) 
032309 sample 1 4.21 
032309 sample 2 4.76 
032309 sample3 4.41 
032309 sample 4 4.42 
032609 Sample 3 5.01 
Standard Deviation 0.48 
Calculated MDL 1.79 
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This data was derived using five samples rather than the recommended seven samples using 
values from the Student’s T tables[33].  In addition, the CFR method states that the sample 
concentration at 1-3 times the estimated limit of detection.  The samples included in these 
calculations were obtained from standards at a concentration of 5 µg/L.  This sample 
concentration choice of 5 µg/L was somewhat arbitrary since the method is still in its infancy.  
Further experiments would produce more representative detection limits.  It’s likely that the 
standard deviation would significantly decrease as the operator’s extraction and sample 
introduction technique improved with time.  Considering the lowest calibration standard at 0.5 
µg/L produced signals for both the Fluoxetine and Diphenhydramine masses as displayed in 
Figure 18, the true detection limit of this method is far below this calculated preliminary limit.   
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Figure 18:  Reconstruction Total Ion Chromatogram (TIC) (top) and Reconstructed Ion 
Chromatograms (RIC) of a 0.05 µg/L SBSE Sample of Fluoxetine and Diphenhydramine 
 
Since regulatory limits have not been established for these analytes of emerging interest [21, 22], 
the level of detection necessary is ambiguous at best. 
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Conclusion 
 
This novel technique for the analysis of pharmaceutical contaminants has proven to be a 
viable candidate for further research.  The precision, accuracy and linearity are all within the 
current EPA guidelines.  Amazingly, all samples run by this method were within the precision 
and accuracy limits established in these experiments.  It is likely, with further improvements in 
the inlet design and repetitive analysis, the limits of detection will decrease.   
The method has several advantages over the EPA method.  The use of SBSE requires no 
solvent usage.  This saves money and exposure to environmentally unfriendly solvents.  Unlike 
the EPA method that requires at least 30 minutes per analysis, The DART results are displayed 
in real time.  Additionally, this method requires much less sample aliquot volume.  Specifically, 
these studies were conducted using only 20 ml of sample whereas the EPA method requires 1.0 
L of sample.  Theoretically increases in the sample volume on future SBSE experiments would 
also decrease the limit of detection. 
Future Recommendations 
 
More studies on the detection limit studies using the current SBSE DART TOFMS 
method need to be preformed.  Pairing the prototype inlet with the Vapur inlet, may help produce 
even lower limits of detection.  Additionally, more studies need to be conducted to determine if 
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matrix interferences are observed when other compounds are involved that may slow down, 
inhibit or compete with the diffusion process of the analytes onto the PDMS surface.   
It would be interesting to test this analytical method with more thermally labile 
compounds that are not usually run by GC/MS.  The gas stream temperature could be lowed 
while the flow is increased.  Other studies have shown that the DART does not simply desorb 
samples thermally[8].  Compounds with very high boiling points that could not be traditionally 
run on GC/MS have been analyzed successfully- on the DART™ TOFMS[34]; however they 
have not been analyzed using SBSE in combination with the DART™ TOFMS. 
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CHAPTER 5: CONCLUSION 
 
 
The DART™ TOFMS technique for analysis of organic contamination has proven to be 
successful in the identification of random samples with associated library entries on various 
days.  This method has significant advantages over the GC/MS and FTIR techniques for analysis 
of spaceflight hardware and ground support equipment contamination.  The foremost advantage 
is the ability to distinguish between specific polymers of the same group in a timely manner.  As 
seen in the preceding sections, the DART TOFMS spectrum produced by Nylon 6 is completely 
different from nylon 12 whereas FTIR techniques only determine functional groups and cannot 
differentiate between polymers within the same classification.  The differing molecular weights 
of the monomers make using mass spectrometry the optimal choice of detection.  GC/MS 
analysis is not a viable option as the polymers do not go easily into solution.  Pyrolysis GC/MS 
is an alternative although it has disadvantages of much longer analysis times and complicated 
data interpretation. 
Interpretation of unknown sample spectra becomes more complicated when the unknown 
sample contains more than one compound that is not listed in the library.  For these compounds, 
using the data base of the most prominent peaks works well especially if one is trying to 
determine the presence or absence of a specific library entry. 
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The novel technique for the analysis of pharmaceutical contaminants via SBSE DART™ 
TOFMS has proven to be a viable candidate for further research.  The precision, accuracy and 
linearity are all within the current EPA guidelines.  Amazingly, all samples run by this method 
were within the precision and accuracy limits established in these experiments.  It is likely, with 
further improvements ion the inlet design and repetitive analysis, the limits of detection will 
decrease.   
The method has several advantages over the EPA method.  Unlike the EPA method that 
requires at least 30 minutes per analysis, The DART results are displayed in real time.  
Additionally, this method requires much less sample aliquot volume.  Specifically, these studies 
were conducted using only 20 ml of sample whereas the EPA method requires 1.0 L of sample.  
Theoretically increases the sample volume on future SBSE experiments would also decrease the 
limit of detection. 
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APPENDIX: CHAPTER 3 SUPPORTING DATA 
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1,2-Polybutadiene  
pos lib 113 Scan_101-104 
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Aerogel  
pos lib misc 105 Scan_246-248 
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Butyl methacrylate-isobutyl methacrylate 
copolymer  
(50-50 copolymer)pos lib 100 Scan_179-182 
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Calibration Oil pos lib misc 100 Scan_104-105 
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Cellulose Acetate 
 (39_8% Acetyl, 3_6% hydroxyl)pos lib 100 Scan_58-61 
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Cellulose Acetate Butyrate (17% Butyryl, 29_5% Acetyl, 
1_5%hydroxyl)pos lib 100 Scan_116-119 
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Cellulose Propionate  
pos lib 102 Scan_35-40 
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Cellulose sulfate sodium salt 
-pos lib 104 Scan_157-160 
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Cellulose Triacetate 
pos lib 104 Scan_42-44 
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Ethyl Cellulose 
pos lib 102 Scan_203-206 
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Ethylene Maleic Anhydride Copolymer 
pos lib 103b Scan_174-180 
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Ethylene- Vinyl Acetate Copolymer 
(V 18%) pos lib 105 Scan_43-47 
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Ethylene-Acrylic acid  
pos lib 103b Scan_93-97. 
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Ethylene-ethyl acrylate copolymer 
(18% Ethyl acrylate) pos lib 103b Scan_32-3 
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Ethylene-propylene copolymer 
(60% Ethylene)-pos lib 104 Scan_279-283 
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Ethylene-vinyl acetate copolymer  
pos lib 128 Scan_94-96 
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FEP Teflon  
pos lib misc 103 Scan_38-41 
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Glycerol 
pos lib misc 100 Scan_39-42 
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Hydraulic oil  
pos lib misc 100 Scan_251-252 
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Hydroxylbutyl Methyl Cellulose 
(Hydroxylbutyl 8%, Methoxyl 20%) 
pos lib 107a Scan_155-157 
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Hydroxylpropyl Methyl Cellulose 
(hydroxylpropyl 10%, methyl 30%) 
pos lib 110 Scan_148-152 
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Kapton Tape 
pos lib misc 103 Scan_207-216 
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KEL-F 
pos lib misc 103 Scan_126-132 
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Vinyl chloride-vinyl acetate copolymer   Low 
response!!! 
90% pos lib 127 Scan_148-152 
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Lube oil B0031 
pos lib misc 100 Scan_170-172.txt 
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Methyl Cellulose (methyl 30%) 
pos lib 107a Scan_50-52.txt 
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Methyl vinyl ether-maleic acid copolymer 
pos lib 107a Scan_91-93.txt 
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Methyl vinyl ether-maleic anhydride copolymer 
pos lib 109 Scan_196-199.txt 
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MLP PVD seals for HF 
pos lib misc 105 Scan_193-195.txt 
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Mylar 
 pos lib misc 101 Scan_39-40.txt 
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N-Vinylpyrrolidone-vinyl acetate copolymer 
pos lib 131 Scan_36-38.txt 
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Nylon 6-6 
pos lib 108 Scan_172-174.txt 
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Nylon 6-9 
pos lib 108 Scan_103-106.txt 
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Nylon 6-10 
pos lib 109 Scan_142-147.txt 
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Nylon 6-12 
pos lib 109 Scan_75-78.txt 
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Nylon 6 
pos lib 108 Scan_47-50.txt 
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Nylon 6(3)T 
pos lib 111 Scan_70-74.txt 
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Nylon 11 
pos lib 111 Scan_154-157.txt 
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Nylon 12 
pos lib 111 Scan_219-225.txt 
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Parachute Chord 
 pos lib misc 105 Scan_49.txt 
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PEG 6000 
pos lib misc 100 Scan_19.txt 
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Phenoxy Resin 
pos lib 111 Scan_291-295.txt 
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Poly(1-butene), isotactic  
pos lib 113 Scan_175-178.txt 
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Poly(2,6-dimethyl-p-phenylene oxide) 
pos lib 119 Scan_109-112.txt 
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Poly(4-methyl-1-pentene) 
pos lib 117 Scan_29-35.txt 
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Poly(acrylic acid) 
pos lib 112 Scan_224-228.txt 
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Poly(alpha-methylstyrene) 
pos lib 115 Scan_186-188.txt 
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Poly(diallyl isophthalate) 
pos lib 118 Scan_213-215.txt 
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Poly (diallyl phthalate) 
pos lib 119 Scan_36-38.txt 
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Poly(ethyl methacrylate) 
pos lib 123 Scan_64-67.txt 
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poly(ethyleneterephthalate 
pos lib 126 Scan_176.txt 
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Poly(isobutyl methacrylate) 
pos lib 127 Scan_34-37 
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Poly(methyl methacrylate) 
pos lib 116 Scan_95-99.txt 
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Poly(n-butyl methacrylate) 
pos lib 118 Scan_47-50.txt 
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Poly(phenylene sulfide)  
pos lib 116 Scan_32-35.txt 
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Poly(p-phenylene ether-sulphone)  
pos lib 116 Scan_187-189.txt 
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Poly(vinyl acetate)  
pos lib 130 Scan_46-48.txt 
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Poly(vinyl alcohol), 99.7% hydrolyzed  
pos lib 124 Scan_282-284.txt 
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Poly(vinyl butyral)  
pos lib 124 Scan_115-120.txt 
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Poly(vinyl chloride)  
pos lib 125 Scan_118-121.txt 
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Poly(vinyl chloride), carboxylated  
pos lib 123 Scan_220-222.txt 
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Poly(vinyl formal)  
pos lib 124 Scan_37-40.txt 
 
 
 
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
100 120 140 160 180 200 220 240
m/z
105.0308
123.0384
128.0618
141.0694
199.0753
148 
 
Poly(vinylidene fluoride)  
pos lib 114 Scan_243-245.txt 
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Polyacetal  
pos lib 110 Scan_48-50.txt 
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Polyacrylamide non ionic  
pos lib 110 Scan_251-254.txt 
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Polyacrylamide, carboxyl modified, high carboxyl content pos lib 112 Scan_131-134.txt 
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Polyacrylamide, carboxyl modified,low carboxyl content  
pos lib 112 Scan_60-63.txt 
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Polyamide resin 
 pos lib 113 Scan_44-48.txt 
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Polycaprolactone  
pos lib 118 Scan_128-132.txt 
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Polycarbonate  
pos lib 117 Scan_144-162.txt 
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polyethylene oxide  
pos lib 126 Scan_35-38.txt 
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polyethylene oxidized  
pos lib 126 Scan_107-108.txt 
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Polyethylene, chlorinated (48 wt% Chlorine)  
pos lib 125 Scan_183.txt 
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Polyethylene, chlorosulfonated  
pos lib 127 Scan_107-109.txt 
 
 
 
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
130 180 230 280 330 380 430
m/z
1
3
5
.0
8
1
7
1
9
1
.1
0
7
8
2
0
9
.1
1
5
5
2
2
7
.0
8
7
1
2
2
8
.0
8
5
7
2
2
9
.0
8
2
7
3 4 0 . 1 6 9 0
3 9 4 . 1 5 2 2
4 1 2 . 1 2 2 7
160 
 
Polyethylene, high density  
pos lib 121 Scan_253-255.txt 
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Polyisoprene, chlorinated  
pos lib 117 Scan_87-90.txt 
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Polypropylene, isotactic, chlorinated  
pos lib 130 Scan_121-125.txt 
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Polystyrene  
pos lib 130 Scan_190-192.txt 
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polysulfone 
 pos lib 129 Scan_182-185.txt 
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Polyvinylpyrrolidone  
pos lib 114 Scan_80-83.txt 
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RTV 560  
pos lib misc 101 Scan_131-132.txt 
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RTV  10470  
pos lib misc 105 Scan_84-86.txt 
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Styrene-acrylonitrile copolymer (25% Acrylonitrile)  
pos lib 114 Scan_134-136.txt 
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Styrene-acrylonitrile copolymer 
pos lib 115 Scan_37-40.txt 
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Styrene-allyl alcohol copolymer  
pos lib 115 Scan_100-103.txt 
 
 
 
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
100 150 200 250 300 350 400 450
m/z
1
1
7
.0
8
3
4
1
2
1
.0
6
7
9
1
3
1
.0
8
3
6
1
3
5
.0
9
9
6
1
3
9
.1
0
8
1
1
4
3
.0
8
7
0
1
4
7
.0
8
0
9
1
5
1
.0
9
5
0
1
5
7
.1
2
1
8
1
6
1
.0
9
6
9
1
7
1
.1
1
8
0
1
7
5
.1
3
2
8
1
8
5
.1
3
3
5
1
9
3
.1
4
2
9
2
0
3
.1
4
8
4
2
0
4
.1
4
5
0
2
1
5
.1
6
3
8
2
2
1
.1
5
7
9
2
3
3
.1
7
3
3
2
4
9
.1
6
3
1
2
6
1
.1
8
7
2
2
7
1
.1
9
7
1
2
7
9
.1
9
5
1
3
1
7
.2
1
3
4
3 6 3 . 2 4 2 7
171 
 
Styrene-butadiene, ABA block copolymer  
pos lib 119 Scan_226-230.txt 
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Styrene-butyl methacrylate copolymer 
pos lib 121 Scan_185-189.txt 
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Styrene-ethylene-butylene, ABA block copolymer  
pos lib 120 Scan_160-163.txt 
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Styrene-isoprene, ABA block copolymer 
pos lib 121 Scan_72-75.txt 
 
 
 
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
100 150 200 250 300 350 400 450
m/z
1
0
0
.0
7
5
4
1
0
9
.0
6
3
6
1
1
5
.0
7
2
2
1
1
9
.0
8
6
2
1
4
9
.0
2
3
4
1
6
3
.1
1
9
2
2
0
2
.2
2
7
3
2
0
5
.0
8
3
7
2
1
9
.1
7
3
6
2
2
1
.1
3
5
6
2
7
9
.1
5
5
7
3
1
3
.1
4
3
9
3
1
4
.1
4
7
2
3
6
1
.2
2
6
0
3
9
1
.2
7
8
0
175 
 
Styrene-maleic anhydride copolymer, partial methyl ester 
pos lib 120 Scan_104-108.txt 
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Vinyl Alcohol-vinyl butyral copolymer  
pos lib 120 Scan_67-71.txt 
 
 
 
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
100 130 160 190 220 250 280 310 340
m/z
1
0
1
.0
9
0
9
1
0
9
.0
9
7
4
1
2
5
.0
9
4
3
1
2
7
.1
0
8
8
1
3
5
.0
7
9
5
1
3
6
.0
8
2
5
1
4
1
.0
9
0
0
1
4
3
.1
0
3
0
1
5
5
.1
4
0
2
1
8
1
.1
5
7
6
1
9
7
.1
5
5
6 1
9
9
.1
6
7
9
2
4
7
.2
0
8
5
2
6
7
.1
7
2
9
3
3
1
.2
5
9
8
8 9 . 0 5 4 5
177 
 
Vinyl chloride-vinyl acetate copolymerpos  
lib 128 Scan_45-47.txt 
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Vinyl chloride-vinyl acetate-maleic acid terpolymer 
pos lib 128 Scan_193-195.txt 
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Vinyl chloride-vinyl acetate-vinyl alcohol terpolymer (91% Vinyl chlo vinyl acetate, 6% vinyl 
alcohol)  
pos lib 129 Scan_53.txt 
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Vinylidene chloride-acrylonitrile copolymer  
pos lib 131 Scan_159-178.txt 
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Zein, purified  
pos lib 131 Scan_103-105.txt 
 
 
  
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
150 200 250 300 350 400 450
m/z
1
5
5
.1
4
0
8
1
7
1
.1
4
1
5
1
8
9
.1
3
8
5
2
4
5
.1
5
3
9
2
5
7
.2
5
4
1
2
6
3
.2
4
7
0
2
7
7
.2
2
8
4
2
7
9
.2
3
8
2
2
8
0
.2
4
4
2
2
8
1
.2
5
3
1
2
8
2
.2
6
1
8
2
8
3
.2
7
2
7
2
8
4
.2
7
0
0
2
9
3
.2
1
9
9
2
9
5
.2
3
3
1
2
9
7
.2
4
5
2
3
1
3
.2
8
0
4
3
3
1
.2
8
5
2
3
3
9
.2
9
0
3
3
5
5
.2
8
5
7
3
9
7
.3
7
9
5
182 
 
Baggie 
pos lib misc 102 Scan_134-136.txt 
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Cleaned pipet  
pos back 100 Scan_160.txt 
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Cotton Swab 
 pos back 101 Scan_157-160.txt 
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Dip it 2 
pos back 101 Scan_79-80.txt 
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Dip-it 1 
pos back 101 Scan_26-29.txt 
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Dirty mp tube 
 pos back 100 Scan_259.txt 
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Fingerprint 
pos back 100 Scan_21.txt 
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Foam swab 
pos back 101 Scan_195-198.txt 
 
 
 
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
100 150 200 250 300 350 400 450 500 550 600 650 700
m/z
x21
136.0229
170.0957
228.1986
338.3399
339.3405
354.3369
391.2754
675.6753
676.6750
190 
 
Kim wipe good 
pos back 101 Scan_246-248.txt 
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Nitrile gloves purple  
pos back 100 Scan_73-75.txt 
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nylon 6-6 new day  
pos lib misc 102 Scan_35-37.txt 
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polyethylene, 25%  chlorinated  
pos lib 122 Scan_46-49.txt 
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polyethylene, 36%  chlorinated  
pos lib 122 Scan_46-49.txt 
 
 
 
0
20
40
60
80
100
R
e
l.
 A
b
u
n
d
a
n
c
e
100 150 200 250 300 350 400 450
m/z
1
4
3
.0
8
8
3
1
5
6
.0
8
9
3
1
5
7
.0
9
9
3
1
5
8
.1
0
6
0
1
6
1
.0
9
8
1
1
7
0
.1
0
7
2
1
7
1
.1
1
1
4
1
7
5
.1
0
8
4
1
8
5
.1
2
4
2
1
8
9
.1
2
8
1
2
3
9
.2
3
0
3
2
5
7
.2
4
2
7
2
5
8
.2
4
6
2
2
6
7
.1
7
5
9
2
7
5
.2
5
4
6
2
8
3
.2
6
0
5
2
8
5
.2
7
7
5
2
8
6
.2
7
6
8
195 
 
polyethylene, 42%  chlorinated  
pos lib 122 Scan_168-170.txt 
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post-it w adhesive  
pos back 102 Scan_24-26.txt 
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Teflon  2nd day  
pos lib misc 102 Scan_174-178.txt 
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Vespel sp-21???? 
pos lib misc 102 Scan_286-292.txt 
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